accumulates in the genome over time and is believed to contribute to the development of aging characteristics of skeletal muscle and various aging-related diseases. Here, we show a significantly increased level of intrahelical 8-oxoG and 8-oxoguanine DNA glycosylase (OGG1) expression in aged human skeletal muscle compared to that of young individuals. In response to exercise, the 8-oxoG level was found to be lastingly elevated in sedentary young and old subjects, but returned rapidly to pre-exercise levels in the DNA of physically active individuals independent of age. 8-OxoG levels in DNA were inversely correlated with the abundance of acetylated OGG1 (Ac-OGG1), but not with total OGG1, apurinic/ apyrimidinic endonuclease (AP)-1 or Ac-APE1. The actual Ac-OGG1 level was linked to exercise-induced oxidative stress, as shown by changes in lipid peroxide levels and expression of Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Cu,Zn-SOD, Mn-SOD and SIRT3, as well as the balance between acetyl transferase p300/CBP and the deacetylase SIRT1, but not SIRT6 expression. Together these data suggest that that acetylated form of OGG1, and not OGGl itself, correlates inversely with the 8-oxoG level in the DNA of human skeletal muscle, and the Ac-OGG1 level is dependent on adaptive cellular responses to physical activity, but is age independent.
Introduction
Age-associated increases in levels of reactive oxygen species (ROS), especially during the last quarter of life, result in excessive oxidative damage to macromolecules, including DNA [1] [2] [3] [4] [5] . Among DNA and RNA bases, guanine is predominantly prone to oxidation due to its lowest reduction potential [6] . It is modified primarily by hydroxyl radicals at or near diffusion-controlled rates (reviewed in [7] [8] [9] ). More than 20 oxidation products of guanine base have been identified [10] and among them one of the most abundant is 8-oxo-7,8 dihydroguanine (8-oxoG) [7, 8, 9] . In DNA, the 8-oxoG level increases upon radiation, ischemia/reperfusion, acute exercise and aging [4, [11] [12] [13] [14] . 8-OxoG is excised from DNA by formamidopyrimidine-DNA glycosylase (Fpg) in E. coli and by its functional homolog 8-oxoguanine DNA glycosylase (OGG1) in mammals during the base excision repair (BER) pathway [15] [16] [17] [18] . While Fpg is well known to excise 4,6-diamino-5-formamidopyrimidine (FapyA), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and 8-oxoG with nearly similar excision kinetics [18, 19] , the mammalian and yeast OGG1 is specific for 8-oxoG and FapyG, but not for FapyA [20, 21] . When 8-oxoG is not repaired, it is mutagenic, as it has been shown to pair with adenine (A) instead of cytosine and thereby (C) induces G:C T:A transversions [15, 22] .
It is documented that in covalent modifications of DNA repair proteins, e.g., by acetylation, phosphorylation plays a significant role, particularly in their repair activity which consists of the removal/repair of oxidative base lesions [23, 24] . In fact, it has been shown that OGG1 and the human AP-endonuclease (APE1) activities are primarily regulated by p300/CBPmediated acetylation reactions, processes that significantly influence their repair activities and hence cell fate [23] [24] [25] . The role of sirtuin family deacetylases has gathered considerable attention [26] , as SIRT1 and SIRT6 have been shown to be involved in DNA repair [27] [28] [29] . An increased deacetylase activity of sirtuins may lead to a decrease in acetylation levels of proteins, which, in turn, would result in a decline in enzymatic activities, including those of OGG1 and APE1.
Although it is well-documented that acetylation increases OGG1 activity in cell cultures and in vitro assays, the existence of acetylated OGG1 (Ac-OGG1) and APE1 (Ac-APE) in in vivo conditions is still unknown. The goal of the present investigation was a) to determine changes in Ac-OGG1 and Ac-APE1 in human skeletal muscle; b) to study the effects of aging and acute as well as regular physical conditioning on acetylation levels of these DNA repair enzymes; c) and to evaluate the possible role of SIRT1, SIRT3, and SIRT6 in the adaptability of human skeletal muscle. This report shows that the level of acetylated OGG1 changes as a function of age, and exercise training increases this post-translational modification independent from age in human muscles.
Materials and Methods

Subjects
Forty-eight healthy men volunteered to participate in the present study. A written informed consent was signed by all participants regarding their participation after they were told of all risks, discomforts and benefits involved in the study. Procedures were in accordance with the Helsinki Declaration of 1975 and were approved by the ethical committee of the University of Thessaly.
Participants were assigned to one of four groups according to cross-over, repeated-measures design: a) young sedentary (YS, 26.0 ± 4.5 yrs), b) young physically active (YA, 30.2 ± 7.9 yrs), c) old sedentary (OS, 63.4 ± 4.7 yrs), and d) old physically active (OA, 62.4 ± 2.9 yrs). Subjects were exposed to a single bout of exercise protocol and muscle biopsies were taken. Participants were assigned to the young or old sedentary group based upon the following criteria: a) maximal oxygen uptake (VO 2max ) was below 25 ml/kg/min for old participants and below 35 ml/kg/min and young or old physically active group were based upon the description of ACSM [30] , b) VO 2max was over 45 ml/kg/min for old participants and over 35 ml/kg/min (YS: 35.9 ± 4.7, OS. 25.1 ± 3.0, YA: 51.8 ± 7.9, OA: 37.1 ± 2.9 ml/kg/min).
Participants visited the laboratory on three occasions. During their first visit, participants were examined by a trained physician for limiting health complications; in their second visit, participants had their body height/weight and skin-folds measured and underwent a GXT to evaluate their VO 2max . During their third visit, a week later, participants underwent a sub maximal exercise bout to exhaustion on the treadmill, while muscle biopsies were collected before and following exercise.
Measurement of peak oxygen uptake (VO 2peak )
VO 2peak was determined during a GXT on a treadmill to voluntary exhaustion as previously described [31] .
Exercise protocol
A single bout of exercise included initially 45 min of running on a treadmill at 70-75% of their VO 2max . After 45 min, speed increased to 90% of VO 2max , and exercise was terminated at exhaustion [32] .
Muscle biopsy sampling
Participants had been instructed to refrain from physical activity and caffeine consumption for 48 hours prior to exercise. Both muscle specimens (pre-and post-exercise), of approximately 100-120 mg each were obtained from the vastus lateralis of the same leg of each participant by using the needle biopsy technique [33] . The first biopsy was obtained approximately 20 cm away from the mid patella of the right (dominant) leg with the application of suction [34] .
Assessment of Malondialdehyde levels
Blood samples were collected from an antecubital arm vein into evacuated tubes containing ethylenediaminetetraacetic acid (EDTA). Plasma was separated by centrifugation (1500 g, 4°C, for 15 min). Samples were stored at -80°C. Malondialdehyde (MDA) levels were measured by reverse-phase, high-performance liquid chromatography (rp-HPLC) with fluorimetric detection (excitation 532 nm and emission 550 nm) as described [35] .
Real time quantitative RT-PCR
Total RNA from skeletal muscle samples (~30 mg) was extracted with NucleoSpin ® RNA/ Protein (Macherey-Nagel, Düren, Germany) according to the manufacturer's protocol. Analyses of the real-time quantitative PCR data were performed by using the comparative threshold cycle [Ct] 
Fluorescence imaging and quantification
At optimal cutting, temperature-fixed, paraffin-embedded muscles were sectioned into 5-m sections. The measurement of 8-oxoG levels in nuclear DNA of muscles was assessed by quantitative microscopic imaging, as we previously described [23, 36] . Briefly, sections were de-parafinized, air-dried, and fixed in acetone-methanol (1:1), rehydrated in PBS for 15 min, then sequentially treated with RNAase (100 g/ml) for 15 min followed by 100 g/ ml pepsin in the presence of 0.1N HCl for 30 min at 37°C. The sections were washed and then incubated with affinity-purified, non-immune IgG (100 g/ml) for 30 min and washed in PBS containing 0.5% bovine serum albumin, and 0.1% Tween 20 (PBS-T). After incubation with anti-8-oxoG antibody (Trevigen, Gaithersburg, MD; 1:300 dilution) [37] for 30 min, the sections were washed for 15 min three times with PBS-T and then binding of primary antibody was detected with conjugated secondary antibody.
OGG1 and Ac-OGG1 levels were also determined via quantitative microscopic imaging [36, 38] . Purified mouse anti-OGG1 antibody (human OGG1 reactive) generated against a synthetic peptide (C-DLRQSRHAQEPPAK-N), representing the C-terminus of OGG1 was acquired from Antibodies-Online GmbH (Atlanta, GA, USA). The immunogen affinitypurified, human-reactive rabbit polyclonal antibody to Ac-OGG1 was generated against an AcLys-containing peptide (PAKRR Ac KGG Ac KGPEC) [23] obtained from AbCam (Cat # ab93670) [23, 36] . Antibody reactive with human APE1 [39] and rabbit anti-Ac-APE1 antibody was characterized previously [40] . Binding of primary antibodies were visualized with flourochrom-labeled secondary antibodies. Confocal microscopic evaluations were performed on a Zeiss LSM510 META System by using the 488-nm line of the Argon-laser for excitation of FITC and Helium-Neon 543-nm line excitation of Rd, combined with appropriate dichroic mirrors and emission band filters to discriminate between green and red fluorescence. Images were captured at a magnification of 60 (60x oil immersion objective; numerical aperture 1.4). To objectively quantify fluorescence intensities morphometric analyses were done by using Metamorph™ software Version 9.0r (Universal Imaging Corp, Downingtown, PA) as we described [38] . Specifically, images were obtained from >15 fields per muscle section containing 160-180 nuclei and reassembled by using the montage stage stitching algorithm of the Metamorph™ software [41] . Co-localization was visualized by superimposition of green and red images using MetaMorph software version 9.0r.
Statistical analyses
Statistical significance was assessed by three-way ANOVA (age X physical activity status X time), followed by Tukey's post hoc test. The significance level was set at p < 0.05.
Results
Changes in 8-oxoG level in DNA as a function of age and physical activity in human skeletal muscle
DNA glycosylase/AP lyase activity of OGG1 declines with age [42] [43] [44] . Here, first we investigated the association between abundance of 8-oxoG in DNA and OGG1, as well as Ac-OGG1 in nuclei of skeletal muscle of sedentary old (OS) and young (YS) individuals.
Results from quantitative fluorescence intensity analysis showed that there was a significant (p<0.01) increase in genomic 8-oxoG (8-oxodG; Fig. 1A ) and total OGG1 (p<0.01) levels in skeletal muscle (muscle) of elderly compared to young participants (Fig. 1B ). This paradoxical observation suggests an increase in oxidative stress and/or decrease in OGG1 activity, the latter may be due to altered OGG1's post-translational modification(s) such as acetylation [23] . The acetylated form of OGG1, when compared to the unacetylated form, shows an approximately 10-fold increase in repair activity [23] . Immunohistochemical analysis shows that the level of Ac-OGG1 was significantly higher in the skeletal muscle of young individuals (Fig. 1C , upper and lower panels) compared to that of older subjects. Ac-OGG1 was nearly undetectable in the skeletal muscle of the elderly (Fig. 1D , upper and lower panels). As calculated from fluorescence intensities, only 5.1 ± 2.5% of total OGG1 was acetylated in old, while 24.5 ± 6% of total OGG1 reacted with anti-Ac-OGG1 antibody in young individuals (Fig. 1E ). APE1 is a multi functional and abundant protein [39] and has been shown to stimulate 8-oxoG repair initiated by OGG1 during BER [45] . Due to APE1's abundance, it was not surprising to observe that its level was not different in muscle of young and old groups (data not shown). Ac-APE1 [46] levels were only substantially higher in skeletal muscle of YS individuals compared to that in OS subjects ( Fig. 2A) , not the APE1 level but the Ac-APE1, together with Ac-OGG1, play a role in the repair of 8-oxoG. These results support the hypothesis that an increase in the genomic 8-oxoG level is associated with an inability of aged SkM to post-translationally modify OGG1 [25].
OGG1's acetylation level is altered by the activity of acetyl transferase p300/CBP [23, 25] and deacetylases such as sirtuins [27] . Our results show that expression of p300/CBP is increased (p<0.01) in skeletal muscle of OS subjects compared to that in younger counterparts (Fig. 2B) . On the other hand, expression of SIRT1 and SIRT6 (Fig. 2C , D and 3A) was not affected by age, while SIRT3 expression is significantly lower in the OS compared to the YS group (Fig. 3D) . In controls, there were no differences in the expression of Ku70 (binds directly to free DNA ends) in the muscles of young and old individuals (Fig.  3B) , an indication that repair efficiency of 8-oxoG is unaffected by age and level of unrepaired AP sites, and DNA single-strand breaks are not sufficient to alter the expression of Ku70.
Oxidative stress induced by physical activity mediates an adaptive response for efficient oxidative DNA damage repair
Old and young physically inactive and active individuals were subjected to a single exercise bout (SEB). SEB-induced changes in oxidative stress levels were determined indirectly by measuring the levels of lipid peroxidation product malondialdehyde (MDA) in plasma (YS: 0.176 ± 0.02, YSSE: 0.262 ± 0.03*, YA: 0.143 ± 0.01, YASE: 0.181 ± 0.02, OS: 0.254 ± 0.04, OSSE: 0.338 ± 0.06*, OA: 0.188 ± 0.03, OASE: 0.233 ± 0.03 mol/L). It is obvious that the MDA level was significantly increased only in the plasma of physically inactive old and young subjects. Although, we recognize the limitation of MDA measurements [47] , the strong match between MDA and 8-oxoG (p=0.001) levels suggests that indeed aging and SEB elevate the level of oxidative damage. These results are supported by the observed increase in the expression of Cu,ZnSOD (Fig. 3B ) in the muscle of physically inactive (old and young) subjects. MnSOD expression is increased in response to SEB only in young subjects (Fig. 3C) . Surprisingly, MnSOD expression was not affected by SEB in active/ trained old and young individuals (Fig. 3C ). Together these data imply an adaptive response of the skeletal muscle to SEB in trained/active individuals.
An increase in MDA level predicts enhanced genomic 8-oxoG levels upon exercise. Thus we asked if regular physical exercise-induced antioxidant responses protect guanine from oxidation in the DNA from muscle biopsies of sedentary vs. trained and young vs. old subjects. In response to a SEB, the 8-oxoG level was doubled in the muscle of all individuals regardless of whether they were sedentary or physically active. Importantly, while 8-oxoG levels returned to pre-exercise levels in physically active individuals, both OA and YA, its level in DNA remained high in sedentary young and old subjects after a 24-h recovery period (Fig. 1A) . For example, 8-oxoG levels were approximately 4-times higher in untrained older (Fig. 1A ) compared to younger individuals without SEB (Fig. 1A) . Importantly, there was no change in genomic 8-oxoG levels in muscle biopsies of OA individuals after SEB (Fig. 1A ).
The sub-physiological level of genomic 8-oxoG in physically active subjects suggested an efficient repair of DNA. We observed that OGG1 levels did not significantly change in younger subjects, while it increased in the older subjects in response to SEB (Fig. 1B) . In contrast, Ac-OGG1 levels were significantly increased in younger individuals, while in the older subjects no significant change was observed in response to SEB. Ac-OGG1 level was 3-fold higher in active compared to older, sedentary individuals ( Fig. 1E and C) . SEB did not change Ac-APE1 ( Fig. 2A) , which was similar to APE1 levels (data not shown), suggesting that neither Ac-APE1 nor APE1 is limiting in the repair of 8-oxoG.
In response to SEB, the expression of p300/CBP increased approximately 5-fold in the younger subjects, while unexpectedly, significantly decreased in older subjects (Fig. 3A) . If indeed p300/CBP is the acetyl transferase in muscle, these results are in line with levels of Ac-OGG1 (Fig. 1C,E) . In physically active subjects SEB did not significantly alter p300/ CBP levels (Fig. 2B) . Expression of the deacetylase SIRT1 showed a significant increase only in younger sedentary subjects in response to SEB (Fig. 2C) . SIRT3' expression that has no deacetylase activity was the highest in muscle biopsies of active, younger subjects (Fig.  2D) , while its expression did change upon SEB (Fig. 2D ). SIRT6 expression (Fig. 2E ) along with Ku70 (Fig. 3A) decreased in both young and old muscles following SEB. Together these data suggest that a physically active life-style induces an adaptive response by generating mild oxidative stress, and prevented the age-associated increase in genomic 8-oxoG levels possibly due to the age-independent increase in OGG1's acetylation.
Discussion
Age-related and physical exercise-associated changes in DNA damage levels in skeletal muscle of experimental animals have been reported previously [13, 14, 48] . The present study analyzed levels of 8-oxoG in DNA and abundance of rate-limiting BER enzymes in human muscle biopsies prior to and after a single exercise bout. We also examined expression of acetyl-transferases, and deacetylases linked to DNA repair pathways and antioxidant genes that could reflect on cellular redox conditions. We show that the genomic 8-oxoG level is lastingly elevated in sedentary young and old subjects, but it returned rapidly to pre-exercise levels in physically active individuals independent of age upon a single exercise bout. The 8-oxoG level in DNA inversely correlated with the abundance of Ac-OGG1, but not with total OGG1, APE1 or Ac-APE1. Importantly, our data also demonstrate a physical activity-dependent increase in the acetylated forms of OGG1 in human skeletal muscle. Accordingly, it is possible that an exercise-induced acetylation pathway would enhance OGG1 activity, not only in muscles, but in other tissues, and thereby exercise may decrease the incidence of various pathological conditions, such as inflammation, that have been linked to carcinogenesis, cardiovascular diseases, strokes or Alzheimer's disease.
8-oxoG is arguably one of the important forms of DNA base damage induced by ROS, and it has been proposed to play a role in the aging process and is also linked to age-associated diseases [49] [50] [51] [52] . This hypothesis is consistent with the several-fold increase in 8-oxoG (and possibly of other oxidized bases) content in nuclear and mtDNA from aged tissues [49] [50] [51] [52] . A single bout of exercise has been shown to cause mild oxidative stress [32, 53, 54] , and thus we applied a SEB and determined cellular oxidative states, changes in 8-oxoG levels and abundance of selected repair enzymes. Due to a limited amount of muscle biopsies, we used quantitative fluorescence analysis [36, 38, 41 ] to assess 8-oxoG levels, as the quantity of DNA isolated from them did not allow us to use HPLC with electrochemical detection [7, 8] , which would provide a better estimates. By using highly specific, anti-8-oxodG-specific antibody, we observed significantly higher levels of genomic 8-oxoG in human skeletal muscle of sedentary, older individuals compared to the levels in younger subjects in line with previous observations [13, 14, 43, 44] . In response to SEB-induced ROS, 8-oxoG levels increased further, and were not repaired, even after a 24 h time period in sedentary individuals independent of age. In contrast, 8-oxoG levels returned to pre-exercise levels in physically active individuals, a finding that may mean regular physical activity could prevent accumulation and/or increase repair efficacy of 8-oxoG and possible other bases in DNA human skeletal muscle.
The observed increase in 8-oxoG levels in sedentary individuals points to a possible agedependent decrease in levels of OGG1. In contrast, our data show a significantly increased OGG1 level in elderly subjects and, interestingly, SEB furthered its level. Unexpectedly, the 8-oxoG level was also enhanced. These paradoxical observations suggested to us that OGG1 may have a low DNA glycosylase/AP lyase activity or that BER activities are significantly lower in aged human muscle. Indeed, a recent publication documents, decreased overall BER activities both in the nuclei and the mitochondrial extracts from skeletal muscles, compared to those in liver or kidneys of the same mice [55] . While decreased overall BER activity could be a possibility, our data also imply that lack/delayed repair of 8-oxoG could be linked to a deficiency in post-translationally modified OGG1 in aged muscles. Indeed, OGG1's glycosylase/AP-lyase activity is modulated via acetylation, phosphorylation, and redox [23, 25] . For example, OGG1 is acetylated on 338 and 341 lysine and has approximately a 10-fold increase in its 8-oxoG excision activity compared to that in nonacetylated OGG1 [23] To explore the latter possibility we show that ~one-fifth of OGG1 is in an acetylated form in younger individuals and, importantly, Ac-OGG1 was nearly undetectable in the sedentary elderly. This observation is a feasible possibility, as 8-oxoG level in DNA was inversely correlated with levels of Ac-OGG1 in muscles of young and old individuals.
Repair of 8-oxoG is initiated by OGG1 during the BER pathway followed by APE1-mediated cleavage of the DNA strand at the abasic site. After removal of this 3'-blocking group, the single nucleotide gap is filled in by a DNA polymerase, and DNA ligase seals the nick to restore DNA integrity [17] . It has also been shown that OGG1 remains tightly bound to its AP product following base excision, and APE1 prevents its reassociation with its product, thus enhancing OGG1 turnover [45] . Accordingly, APE1 is considered to be ratelimiting in the BER of 8-oxoG [17, 39] . However, neither APE1 nor Ac-APE1 showed significant changes with aging and/or physical activity. Therefore, it may be proposed that the AcOGG1 is limiting in the repair of 8-oxoG lesions in human skeletal muscle during BER processes. As modification by phosphorylation only substantially alters incision activity of OGG1 [24] , our earlier observations of an exercise-induced increase in OGG1 activity in skeletal muscles of human and experimental animals [14, 43] may be attributed to Ac-OGG1.
Acetylation levels of OGG1 and APE1 are dependent on level/activity of acetyl transferase p300/CBP [23, 25] and possibly on deacetylase(s) such as some of the sirtuins [56] . Results from our studies show that p300/CBP's expression was increased in young individuals by SEB, independent of whether they were sedentary or active. However, we were not able show such consistency in the elderly. SIRT1, a NAD-dependent, histone deacetylase [57] , has been shown to interact with p300/CBP to regulate its acetyl-transferase activity [56] . SIRT1 levels increased in both young and elderly muscles in response to exercise. These observations are in line with the general role of SIRT1 in DNA damage response and maintenance of genomic integrity, as it promotes proper chromatin structure and DNA damage repair foci formation for repair of DNA base lesions [27, 28] ; however, the patterns of changes in SIRT1 expression young vs. old or sedentary vs. physically active suggest an inverse correlation between SIRT1 and level of Ac-OGG1.
Among sirtuins, only SIRT3 expression correlates with the life-span of humans [58] . Interestingly, SIRT3 expression is increased with physical fitness level in only young subjects in this study. SIRT3 has two isoforms with different molecular mass (44 kDa and 28 kDa) which are localized in mitochondria and nucleus, respectively [59] . The translocation of SIRT3 from the nucleus to mitochondria has been shown to be induced by oxidative stress [59] . SIRT3 is also a modulator of apoptosis [60] . Recent findings also indicate that SIRT3 is a downstream target of PGC-1 alpha and one of the regulators of mitochondrial ROS production [61] .
Exercise has been shown to cause mild oxidative stress [32, 53, 54, 62] . Although the 8-oxoG level is a documented measure of such an oxidative insult [14] , MDA levels and expression of superoxide dismutase(s) were used to evaluate further SEB-induced oxidative stress. An increase in MDA levels in plasma correlated with genomic 8-oxoG level both in young and old subjects in response to SEB. Interestingly, only the expression of Cu,ZnSOD show age independent and exercise-associated changes, while Mn-SOD expression was increased only in the younger sedentary group. Based on these observations, it appears Cu,Zn, SOD expression is a better measure of an adaptive response to ROS than that of mitochondrial MnSOD. These data also imply a decline in adaptive response with age at the level of MnSOD. These observations are in line with those showing that the adaptive capability of an organism to withstand oxidative stress challenge(s) is markedly decreased as a function of age [63, 64] . Based on our data, however, we propose that adaptive responses to ROS are not age dependent, but decided by the physical status of an individual.
In conclusion, the present investigation offers insight into interactions between aging processes, exercise, and regulation of the repair of oxidized DNA base lesions in human skeletal muscle. We show for the first time that 1) acetylated forms of OGG1 and APE1 are present in human tissues, 2) but only Ac-OGG1 seems to be rate-limiting in the BER processes of 8-oxoG. 3) Repair of 8-oxoG seems to be independent of age, 4) but is dependent on the physical state of muscles. Our data also imply that regular exercise induces an adaptive response that involves an improved, more efficient antioxidant and DNA repair machinery. Fig. 1A) . B, C and D, Expressions at mRNA levels of SIRT1 (B), p300/CBP (C) and SIRT3 (D). RNA was isolated from muscle biopsies excised prior to and 24 h after SEB. Quantitative Rt-PCR was undertaken as described in Materials and Methods. YS, young sedentary; YSSE, young sedentary after a single bout exercise; YA, young active; YASE, young active with a single bout of exercise, OS, old sedentary; OSSE, old sedentary with single bout of exercise; OA, old active and OASE, old active with a single bout of exercise. Values are means ± SE for six subjects per group. *p<0.05, **p<0.01. 
